Introduction
============

Aldehyde oxidases (EC 1.2.3.1) are proteins belonging to the family of molybdo- and tungsten-enzymes,\[[@B1]\] which is represented in both eukaryotes and prokaryotes. In mammals, no tungsten-containing proteins are known, while three other types of molybdo-enzymes, besides aldehyde oxidases \-- that is, xanthine oxidoreductase (XOR), sulphite oxidase (SO) and the recently discovered mitochondrial amidoxime reductase component (mARC) \-- have been described \[[@B2]\]. Mammalian catalytically active molybdo-enzymes require a specific form of organic molybdenum, known as the molybdenum cofactor (MoCo) \[[@B3]\]. Unlike that observed in SO and mARC, the holo-enzymatic forms of aldehyde oxidases and XORs contain a sulphurated species of MoCo \[[@B3]-[@B5]\].

Aldehyde oxidases and XORs are further sub-classified as molybdo-flavoenzymes (MFEs), if they require flavin adenine dinucleotide (FAD) as a cofactor. Both enzymes are homodimers, with each subunit (approximately 150 kDa) consisting of three distinct domains. The 25 kDa amino- terminal domain contains two non-identical iron/sulphur clusters, the 40 kDa intermediate domain consists of the FAD-binding region, while the 85 kDa carboxy-terminal domain is characterised by the presence of the substrate-binding pocket, which lies in close proximity to the MoCo site. One of the main differences between aldehyde oxidases and XORs is represented by a NAD^+^binding site,\[[@B6]\] which is absent in aldehyde oxidases. XORs, in their dehydrogenase form, transfer the reducing equivalents generated by the oxidation of the substrate to NAD \[[@B7]\]. By contrast, aldehyde oxidases \[[@B8],[@B9]\] and XORs, in their oxidase form, use molecular oxygen as the final electron acceptor, producing hydrogen peroxide.

The similarity between aldehyde oxidases and XORs is not limited to their general characteristics, and extends to the primary structure. The overall amino acid identity between aldehyde oxidases and XORs from the same animal species is approximately 40 per cent. In addition, the primary structures of plant, insect and vertebrate aldehyde oxidases show a remarkable degree of similarity to XORs of bacterial origin. This is in line with the idea that the two enzymes are evolutionarily conserved and originated through at least two asynchronous duplication events of the corresponding genes \[[@B1],[@B8],[@B10]\].

Some years ago, it was believed that the family of mammalian MFEs consisted of only two members \-- XOR and a single aldehyde oxidase (annotated in the National Center for Biotechnology Information \[NCBI\] database as AOX1). The first complete amino acid sequence of a mammalian aldehyde oxidase was deduced from the molecular cloning of the corresponding bovine cDNA in our laboratory \[[@B11]\]. Based on the high level of amino acid similarity, it soon became apparent to us that this sequence corresponded to a human cDNA that had been originally identified as XOR \[[@B12]\]. Our original inference was subsequently confirmed by the cloning of the human *AOX1*gene \[[@B13]\].

The first hint of the presence of multiple aldehyde oxidases in certain animal species came from an early analysis of the limited number of mouse expressed sequence tags (ESTs) available in the NCBI database. This allowed us to identify and isolate two other mouse cDNAs \[[@B14],[@B15]\] encoding catalytically active proteins highly related to bovine, mouse and rat AOX1, the primary structure of which had been elucidated in the meantime \[[@B16]-[@B18]\]. In a subsequent study, we identified a fourth murine functional enzyme and demonstrated that rats are characterised by the same complement of four aldehyde oxidases as mice \[[@B19]\]. Each novel rodent aldehyde oxidase was shown to be the product of distinct loci, mapping with the original *AOX1*orthologous genes to a small region (approximately 350 kilobases) of mouse chromosome 1 and rat chromosome 9. The three novel proteins present in rodents were named aldehyde oxidase homologues 1, 2 and 3 (AOH1, AOH2 and AOH3), and the corresponding genes were referred to as *Aoh1*, *Aoh2*and *Aoh3*, respectively. The current nomenclature adopted by the NCBI is different, as *Aoh1*is referred to as *Aox3*, while *Aoh2*and *Aoh3*have been renamed *Aox4*and *Aox3l1*, respectively (Table [1](#T1){ref-type="table"}). We will conform to this nomenclature throughout the paper, and refer to the various aldehyde oxidases present in different mammalian species as AOX1, AOX3, AOX4 and AOX3L1. The term \'aldehyde oxidase(s)\' will be used in a general sense, whenever no distinction between the various isoforms of the family is meant.

###### 

Vertebrate aldehyde oxidase nomenclature.

  ---------------------------------------------------------------------------------------------------------------------
  Organism      Gene and corresponding protein                             
  ------------- -------------------------------- ----- ---------- -------- --------------------------------------------
  Human         *Homo*\                          Hs    *AOX1*     *AOX1*   [NP_001150](NP_001150)
                *sapiens*                                                  

  Chimpanzee    *Pan*\                           Pt    *AOX1*     *AOX1*   [XR_024408](XR_024408)
                *troglodytes*                                              

  Orangutan     *Pongo*\                         Pp    *AOX1*     *AOX1*   [ENSPTRP0000021853](ENSPTRP0000021853)
                *pygmaeus*                                                 

  Rhesus\       *Macaca*\                        Mam   *AOX1*     *AOX1*   [XP_001089327](XP_001089327)
  monkey        *mulatta*                                                  

  Rhesus\       *Macaca*\                        Mam   *AOX4*\*   *AOH2*   [XP_001089798](XP_001089798)
  monkey        *mulatta*                                                  

  Rhesus\       *Macaca*\                        Mam   *AOX3L1*   *AOH3*   [XP_001089912](XP_001089912)
  monkey        *mulatta*                                                  

  Macaque       *Macaca*\                        Mf    *AOX1*     *AOX1*   [AB201545](AB201545)
                *fascicularis*                                             

  Rabbit        *Oryctolagus*\                   Oc    *AOX1*     *AOX1*   [BAA81726](BAA81726)
                *cuniculus*                                                

  Mouse         *Mus*\                           Mm    *Aox1*     *Aox1*   [NP_033806](NP_033806)
                *musculus*                                                 

  Mouse         *Mus*\                           Mm    *Aox3*     *Aoh1*   [NP_076106](NP_076106)
                *musculus*                                                 

  Mouse         *Mus*\                           Mm    *Aox4*     *Aoh2*   [NP_076120](NP_076120)
                *musculus*                                                 

  Mouse         *Mus*\                           Mm    *Aoxl*     *Aoh3*   [NP_001008419](NP_001008419)
                *musculus*                                                 

  Rat           *Rattus*\                        Rn    *Aox1*     *Aox1*   [NP_062236](NP_062236)
                *norvegicus*                                               

  Rat           *Rattus*\                        Rn    Aox3       Aoh1     [NP_001008527](NP_001008527)
                *norvegicus*                                               

  Rat           *Rattus*\                        Rn    *Aox4*     *Aoh2*   [NP_001008523](NP_001008523)
                *norvegicus*                                               

  Rat           *Rattus*\                        Rn    *Aoxl1*    *Aoh3*   [NP_001008522](NP_001008522)
                *norvegicus*                                               

  Dog           *Canis lupus familiaris*         Cf    *AOX4*     *AOH2*   [DQ150104](DQ150104)

  Dog           *Canis lupus familiaris*         Cf    *AOXRL1*   *AOH3*   [DQ150105](DQ150105)

  Cow           *Bos taurus*                     Bt    *AOX1*     *AOX1*   [NP_788841](NP_788841)

  Cow           *Bos taurus*                     Bt    *AOX4*     *AOH2*   [XP_596585](XP_596585)

  Cow           *Bos taurus*                     Bt    *AOX3L1*   *AOH3*   [XP_610199](XP_610199)

  Opossum       *Monodelphis domestica*          Md    *AOX1*     *AOX1*   [XP_0011379598](XP_0011379598)

  Opossum       *Monodelphis domestica*          Md    *AOX3*     *AOH1*   [XP_0011379605](XP_0011379605)

  Opossum       *Monodelphis domestica*          Md    *AOX4*     *AOH2*   [XP_0011379630](XP_0011379630)

  Opossum       *Monodelphis domestica*          Md    *AOX3L1*   *AOH3*   [XP_0011370277](XP_0011370277)

  Chicken       *Gallus gallus*                  Gg    *AOX1*     *AOX1*   [DQ150102](DQ150102)

  Chicken       *Gallus gallus*                  Gg    *AOH*      *AOH*    [DQ150103](DQ150103)

  Zebra finch   *Taeniopygia guttata*            Tg    *AOX1*     *AOX1*   [XP_002191075](XP_002191075)

  Fugu          *Takifugu rubripes*              Tr    *AOX1*     *AOX1*   [SINFRUP000000131133](SINFRUP000000131133)

  Pufferfish    *Tetraodon nigroviridis*         Tn    *AOX1*     *AOX1*   [GSTENP00031889001](GSTENP00031889001)

  Zebrafish     *Danio rerio*                    Dr    *AOX1*     *AOX1*   [XP_699030](XP_699030)
  ---------------------------------------------------------------------------------------------------------------------

The table lists the proteins mentioned in this paper. The names of the different organisms are shown on the left. The accession numbers of the proteins or predicted translation products of the corresponding genes present in the GenBank or Ensembl databases are indicated in the rightmost column. The official or proposed gene symbol (\'Gene symbol\') along with the acronym originally suggested in our previous references (\'Our original symbol\') are also indicated.

\*At present, it is unclear whether *Macaca mulatta*AOX4 is a functional gene or a pseudogene.

Evolution of aldehyde oxidases
==============================

The dendrogram shown in Figure [1](#F1){ref-type="fig"} summarises our current knowledge of the phylogenesis of aldehyde oxidases. The primary structure of these proteins is relatively well conserved throughout evolution, and the most primitive organism showing evidence for one such enzyme is the flat worm, *Caenorhabditis elegans*.

![**Phylogeny of eukaryotic aldehyde oxidases**. A rooted dendrogram was obtained by the Phylip method after CLUSTAL-W computer-aided alignment of the indicated proteins. Poere AOX1 = *Poecilia reticulata*(guppy) AOX1; Coeel AOX1/AOX2 = *Caenorhabditis elegans*AOX1 and AOX2; Drome AOX1/AOX2/AOX3/AOX4 = *Drosophila melanogaster*AOX1, AOX2, AOX3 and AOX4; Arath AOX1/AOX2/AOX3/AOX4 = *Arabidopsis thaliana*AOX1, AOX2, AOX3 and AOX4; Lyces AOX1/AOX2/AOX3 = *Lycopersicon esculentum*(tomato) AOX1, AOX2 and AOX3; Zeama AOX1/AOX2 = *Zea mays*AOX1 and AOX2; Xenla AOX1 = *Xenopus laevis*AOX1; Gorgo AOX1 = *Gorilla gorilla*AOX1. All other abbreviations are as in Table 1. At present, it is unclear whether *Macaca mulatta*AOX4 is a functional gene product.](1479-7364-4-2-119-1){#F1}

*Bona fide*aldehyde oxidase homologous proteins do not seem to be represented in prokaryotes, although many molybdenum and tungsten enzymes with low levels of amino acid similarity to vertebrate aldehyde oxidases are known (eg see Blase\' *et al.*\[[@B20]\]). This is at variance with what has been observed for XOR, the ancestors of which can be easily traced back to prokaryotes and very primitive eukaryotes, like *Aspergillus nidulans*\[[@B21]\].

As already discussed, aldehyde oxidases and XORs are highly related proteins and have a common origin. Aldehyde oxidases are indeed the products of duplication events from an ancestral eukaryotic *XOR*gene; however, two structurally different families of aldehyde oxidases can be recognised on the basis of the amino acid sequences (Figure [1](#F1){ref-type="fig"}). A first cluster consists of nematode, insect and plant enzymes, while a second group contains all vertebrate aldehyde oxidases. Vertebrate aldehyde oxidases are closer to XORs than to aldehyde oxidases from more primitive animals and plants \[[@B8]\]. This finding is suggestive of two separate and evolutionarily divergent duplication events from an ancestral *XOR*gene. The first event produced the aldehyde oxidase precursor to worm, insect and plant enzymes. The second led to the appearance of the vertebrate counterpart. This is supported by the intron/exon structure of all the vertebrate aldehyde oxidase and *XOR*genes, which are strikingly conserved and much more complex than those of homologues from the lower eukaryotes and plants \[[@B1],[@B8]\]. The two original duplications were followed by a number of other such events that led to the extant complement of aldehyde oxidase genes in the plant and animal kingdoms.

The evolution of vertebrate aldehyde oxidases (Figure [2](#F2){ref-type="fig"}) is characterised by a first phase of asynchronous gene multiplication events, which started in certain birds. Fishes (*Danio rerio*) and amphibians (*Xenopus laevis*) are endowed with a single functional aldehyde oxidase gene.

![**Aldehyde oxidase genes in vertebrates**. The figure contains a schematic representation of the aldehyde oxidase genes in selected vertebrates for which complete or almost complete genomic sequence data are available. Orthologous genes are indicated with the same shadowing. The direction of transcription is indicated by arrows. Pseudogenes are crossed through and asterisked. The exons identified in the pseudogenes are also shown. The chromosomal location is indicated on the right (ND, not determined). Whenever the structure of the gene is predicted solely on the basis of the genomic sequence, and the corresponding cDNAs have not been characterised, the GenBank locus number (LOC) is indicated. At present, it is unclear whether *Macaca mulatta AOX4*is a functional gene or a pseudogene.](1479-7364-4-2-119-2){#F2}

The corresponding gene products show the highest level of amino acid identity to the rodent AOX1 isoenzyme, supporting an orthologous relationship. *D. rerio*or *X. laevis AOX1*has the conserved 35/36 exon structure typical of all vertebrate aldehyde oxidase genes. In addition, fish *AOX1*and *XOR*map to different chromosomes, which is also characteristic of all vertebrates except primates. Some avians (chicken) show evidence of a gene duplication event involving *AOX1*and resulting in the production of a new synthenic gene (on chromosome 7), which we named aldehyde oxidase homologue (*AOH*) \[[@B22]\]. AOH is characterised by an identical exon/intron structure, with perfect conservation of exon/intron junctions along the coding sequence. The amino acid sequences of chicken AOX1 and AOH protein products are approximately 60 per cent identical and only more distantly related to the corresponding XOR enzyme (40 per cent identity). The presence of two aldehyde oxidase genes in birds does not seem to be a general phenomenon. In fact, a BLAST search indicates that the zebra finch, *Taeniopygia guttata*, has a single *AOX1*locus on chromosome 7 (Table [1](#T1){ref-type="table"} and Figure [2](#F2){ref-type="fig"}).

Moving up along the evolutionary ladder to marsupials (*Monodelphis domestica*, opossum), whole-genome sequencing data provide evidence of four functionally active aldehyde oxidase genes. The exon-intron structure of all the genes is strictly conserved, indicative of two further gene duplication events. Three of the loci (*Aox1*, *Aox3*and *Aox4*) map to chromosome 1, whereas the fourth gene (*Aox3l1*) is located on chromosome 7. The genes identified in *M. domestica*are the orthologues of the four loci present in rodents (mouse and rats).

The evolutionary process of the aldehyde oxidase gene cluster in mammals is characterised by a sudden and species-specific shift from multiplication to suppression/deletion. *Bos taurus*(cow) seems to have maintained three active aldehyde oxidase genes (*AOX1*, *AOX4*and *AOX3L1*) on chromosome 2. The absence of nucleotide sequences with similarity to *AOX3*strongly suggests that this gene has been deleted. Deletion of the *AOX3*gene seems to be a conserved feature in another herbivore, the horse, although our present view of the aldehyde oxidase cluster in this animal species is still incomplete. Functional inactivation of *AOX3*seems to be a common theme. The genome of dogs is characterised by two seemingly active *AOX4*and *AOX3L1*loci and two inactive *AOX1*and *AOX3*pseudogenes clustering on chromosome 37. The vestiges of numerous exons with nucleotide similarity to the rodent *Aox1*and *Aox3*genes are easily identified on two separate regions slightly upstream of the dog *AOX4*and *AOX3L1*loci. It is interesting to notice that the dog is currently the only mammalian species that seems to be lacking *AOX1*, in addition to *AOX4*. This observation has important implications, as this mammal is devoid of aldehyde oxidase activity in the liver \[[@B22]\].

Humans are endowed with a single functional aldehyde oxidase gene, namely *AOX1*, consisting of the canonical 35 conserved coding exons. This is the result of the persistence of the *AOX3*deletion and the simultaneous transformation of *AOX4*and *AOX3L1*into inactive, albeit transcribed, pseudogenes. *AOX1*and the two pseudogenes map to a short segment on chromosome 2q. Functional inactivation of the *AOX4*and *AOX3L1*genes occurred before the appearance of the human species, as chimpanzees (*Pan troglodytes*) are endowed with the same complement of aldehyde oxidase genes and pseudogenes as humans. Functional suppression of *AOX4*and *AOX3L1*seems to be the result of two recent, distinct and asynchronous events, based on the results obtained in the old-world monkeys (*Macaca fascicularis*and *Macaca mulatta*). In fact, the genomes of these monkeys seem to contain two functional (*AOX1*and *AOX3L1*) as well as one or two inactive (*AOX3*and *AOX4*) pseudogenes clustering on chromosome 12 (M. Terao, unpublished result).

In summary, two phylogenetically distinct branches of the evolutionary process led to the extant complement of worm/insect/plant and vertebrate aldehyde oxidases through an equivalent number of primitive and distinct gene duplication events involving the *XOR*ancestor. These initial events were followed by a divergent series of species-specific and more recent gene multiplication events that occurred not only in vertebrates but also in plants, worms and insects. Maize, tomato and *Arabidopsis thaliana*are respectively characterised by two, three and four structurally very similar aldehyde oxidase genes \[[@B8]\]. Similarly, the flatworm, *C. elegans*, and the fruitfly, *Drosophila melanogaster*, are endowed, respectively, with two and four aldehyde oxidases \[[@B8]\].

The most ancient member of the vertebrate aldehyde oxidase family is *AOX1*. *AOX1*was duplicated into *AOH*. At present, the evolutionary order of appearance of *AOX3*, *AOX4*and *AOX3L1*is unknown; however, a number of considerations led us to propose that *AOX4*is more ancient than *AOX3*, which, in turn, appeared earlier than AOX3L1 \[[@B8]\].

Tissue-specific expression of aldehyde oxidases in humans, primates and rodents
===============================================================================

The data available on the tissue distribution of human AOX1 are limited \[[@B23]-[@B25]\]. The richest source of the enzyme is the liver, however, where AOX1 serves an important role in the metabolism of xenobiotics. AOX1 is also present in the respiratory system, where it can be identified in the epithelial cells lining the trachea and bronchi, as well as in the alveolar cells of the lung. In the digestive system, AOX1 was identified in the epithelia of the small and large intestine. The kidney is another source of AOX1, with synthesis of the protein occurring in the proximal distal and collecting tubules. Finally, the prostate and adrenal glands seem to contain detectable amounts of the protein. The localisation of AOX1 in the central nervous system is largely unknown, although it was reported that the corresponding transcript is expressed in the glial component of the anterior horns of the spinal cord \[[@B25]\]. In general, the tissue distributions of AOX1 in humans and baboons, the only other primate for which studies are available, are concordant, particularly in relation to the presence of the enzyme in the livers and the respiratory systems \[[@B26]\].

Two mouse aldehyde oxidases (AOX1 and AOX3) have an overlapping tissue distribution, which is largely superimposable with that of human AOX1. While this is expected in the case of AOX1, given its orthologous relationship with the human enzyme, the observation is important in the case of AOX3. By far the richest source of the two enzymes is the liver, where AOX1 and AOX3 are present exclusively in the cytosolic fraction of the hepatocyte compartment \[[@B15],[@B27]\]. Different mouse strains are characterised by different relative amounts of the two hepatic enzymes, however \[[@B28]\]. High levels of AOX3 and much lower levels of AOX1 are present in the outbred CD1 and the inbred C57BL/6J strains. By contrast, the two inbred strains DBA/2 and CBA have an almost complete deficit of expression of AOX3. This deficit is the result of epigenetic silencing of the corresponding gene by methylation of the regulatory sequences \[[@B28]\]. Significant expression of both *Aox1*and *Aox3*is observed also in the lung, which is the second richest source. Limited amounts of AOX1 and AOX3 are also believed to be present in the central nervous system, on the basis of *in situ*hybridisation experiments \[[@B29]\]<http://www.brainatlas.org/aba/>. Expression is limited to the choroid plexus, which is the organ devoted to the production and re-absorption of the cephalorachidian fluid, and the motor neuronal cell population in the brain and spinal cord. While cellular co-localisation of AOX3 in the choroid plexus is clear, similar evidence is not available for the motor neurones. Low levels of AOX1 and/or AOX3 are also inferred from the expression data available in the Online Mendelian Inheritance in Man (OMIM) section of the NCBI website <http://http./www.ncbi.nlm.nih.gov/>. Of particular interest is the presence of AOX1 in the skin (which was recently confirmed),\[[@B27]\] the mammary gland and the genitourinary tract.

The expression of mouse AOX4 and AOX3L1 is much more restricted. The richest source of AOX4 is the Harderian gland,\[[@B27]\] a prominent intra-orbital exocrine gland involved in diverse homeostatic functions, such as thermoregulation, lubrication of the eye surface, control of pheromonal cues and regulation of the circadian rhythm \[[@B30]-[@B32]\]. The gland is present in various vertebrate species, but is absent in humans and primates. Far lower amounts of AOX4 have also been identified in the epidermal layer of the skin and the keratinised epithelia lining the oral cavity, oesophagus and proximal portion of the stomach. In the skin, the epidermis is not the only structure containing AOX4, as sebaceous glands are also enriched in the corresponding mRNA \[[@B27]\]. Interestingly, sebaceous and Harderian glands share common characteristics, producing a lipid-rich secretion, which is involved in thermoregulation and pheromone release.

Finally, AOX3L1 is unique, being limited to the secretory cells of the Bowman\'s gland, the most important exocrine gland of the olfactory mucosa \[[@B19]\]. These structures are present in all vertebrates, including humans, with the exception of fish. The serous/mucous product of Bowman\'s glands is important in shaping the microenvironment necessary for a proper stimulation of the nasal neuroepithelium by odorants. Bowman\'s glands are so rich in AOX3L1 that they were used as the source for the purification of the enzyme to homogeneity \[[@B19]\].

Exogenous and endogenous substrates of mammalian aldehyde oxidases
==================================================================

Mammalian aldehyde oxidases are best known as drug metabolising enzymes. Most of the literature on aldehyde oxidases has focused on this aspect of their biology \[[@B33]-[@B38]\]. All the members of the family are characterised by broad substrate specificity, oxidising numerous types of molecule. In spite of their name, aldehyde oxidases catalyse not only the oxidation of aldehydes into the corresponding carboxylic acid, but they also hydroxylate N-heterocyclic molecules with high efficiency. Human AOX1 and rodent AOX1/AOX3 may actually represent the major cytosolic enzymes metabolising xenobiotics in the liver. The enzymes are involved in the phase I metabolism of numerous compounds of both medical and toxicological relevance, potentially acting in concert with the microsomal cytochrome P450 system \[[@B33]-[@B39]\]. Extensive discussion of the compounds metabolised by human or rodent aldehyde oxidases is beyond the scope of this paper, and the reader is referred to specific reviews for more details \[[@B34],[@B40],[@B41]\]. It is worth mentioning that aldehyde oxidases have an important role in the metabolism of the anti-tumour and immunosuppressive agents, methotrexate,\[[@B42]\] 6-mercaptopurine and azathioprine,\[[@B43],[@B44]\] and aldophosphamide, the active metabolite of cyclophosphamide \[[@B45],[@B46]\]. Aldehyde oxidases have also been reported to metabolise the antimalarial agent, quinine \[[@B47]\] and the anti-viral drug famcyclovir \[[@B48]\]. Finally, human AOX1 is known to cause the inactivation of the hypnotic, zaleplon \[[@B49],[@B50]\]. As evident from this short and incomplete list, the drug metabolising activity of aldehyde oxidases is predominantly related to the ability of these enzymes to hydroxylate N-heterocyclic rings. From a toxicological perspective, the aldehyde oxidase activity present in mammalian liver has been reported to play a major role in the oxidation of environmental pollutants such as phthalazines \[[@B8]\]. By contrast, it is unlikely that mouse AOX1 and AOX3 are of any relevance for the oxidation of the ethanol metabolite, acetaldehyde, into acetic acid \[[@B28]\].

Although a wealth of data are available on exogenous substrates, endogenous substrates of aldehyde oxidases are still being sought. The Kyoto Encyclopedia of Genes and Genomes (KEGG, <http://www.kegg.jp>) contains a number of metabolic pathways listing potential physiological substrates of aldehyde oxidases, such as the serotonin metabolite, 5-hydroxyindoleacetaldehyde (pathway: ko00380), and the amino acid catabolites (S)-methylmalonate semi-aldehyde (pathway: ko00280) and gentisate aldehyde (pathway: ko00350). At present, however, there is no direct evidence of the significance of human AOX1 or any of the other mammalian homologues in the oxidation of these substrates. Aldehyde oxidases are also purported to play a role in the metabolism of vitamins B3 (nicotinamide), B6 (pyridoxal phosphate) and A (retinol). The vitamin B3 metabolite, N1-methylnicotinamide is a good substrate for semi-purified human and monkey AOX1 preparations \[[@B51]\]. Pyridoxal, the vitamin B6 precursor, is oxidised to 4-pyridoxic acid by the human enzyme \[[@B52]\] and by the two mouse liver aldehyde oxidases, AOX1 and AOX3 (Terao M., unpublished results) \[[@B27]\]. Pyridoxal is currently the sole example of a substrate that shows a certain degree of selectivity for a specific aldehyde oxidase protein as it is not recognised by purified mouse AOX4 \[[@B27]\].

Vitamin A metabolism is probably the endogenous pathway for which more stringent information on the involvement of aldehyde oxidases is available. The ability of mammalian aldehyde oxidases to catalyse the oxidation of retinaldehyde (a physiological precursor) into retinoic acid (the active metabolite of vitamin A) was discovered in rabbit liver cytosol \[[@B53]\] and confirmed using purified preparations of mouse liver AOX1 \[[@B28],[@B54]\]. In our hands, retinaldehyde has been one of the best substrates not only of mouse AOX1, but also of AOX3, AOX4 and AOX3L1 \[[@B14],[@B19],[@B27]\]. The K~m~and V~max~measured for the purified forms of AOX1, AOX3 and AOX4 compare well \[[@B8]\] with the same parameters reported for the three aldehyde dehydrogenases, ALDH1A1, ALDH1A2 and ALDH1A3,\[[@B55],[@B56]\] which have long been known to catalyse the oxidation of retinaldehyde and to play a critical role in the morphogenetic activity of retinoic acid during the development of the vertebrate embryo \[[@B57]\]. Support for the relevance of AOX4 for the local synthesis and accumulation of retinoic acid in the Harderian gland has recently been provided by the phenotypic, genetic and biochemical characterisation of the first aldehyde oxidase knockout mouse to be generated \[[@B27]\].

Conclusion and future perspectives
==================================

Although a substantial amount of information on the structure and evolution of mammalian aldehyde oxidases is available, little is known about the physiological function of these enzymes in mammals, with particular reference to humans and relevant animal models. Progress in establishing the significance of this class of enzymes for the homeostasis of the mammalian organism is clearly a priority.

To this end, it will be necessary to identify the endogenous substrate(s) of human AOX1 and all the other mammalian isoenzymes. This is likely to require an integrated approach based on the definition of the substrate(s) using purified enzyme preparations, and validation of the results *in vivo*. It is envisaged that *in vivo*studies in humans will require the measurement of relevant molecules in biological fluids,\[[@B58]\] using cohorts of individuals genotyped for the presence of AOX1 allelic variants with alterations in the catalytic activity of the corresponding protein products. It will therefore be important to increase the number of population studies \[[@B59]\] designed to discover new AOX1 single nucleotide polymorphisms (SNPs) (see, for instance, our reference rs41309768, in the Single Nucleotide Polymorphism Database \[dbSNP\] section of the NCBI database). Similar studies will also have to be performed in experimental animals, with the caveat that mice and rats are characterised by the presence of multiple aldehyde oxidase forms, as discussed above. In this context, strains of mice characterised by a different profile of aldehyde oxidases,\[[@B28]\] as well as specific knockout animals,\[[@B27]\] will represent useful tools to this end. These knockout mouse lines would be great candidates for urinary metabolite profile analysis. UPLC/Q-tof-MS/MS, followed by chemometrics and analysis of principle components, would very likely identify one or more metabolic pathways that are perturbed in the absence of each one of the mouse AOX enzymes.

Association studies aimed at defining the relevance of AOX1 for the aetio-pathogenesis and progression of specific human diseases are also needed, as they may provide insights into the functional significance of the enzyme. These studies will integrate the knowledge that is likely to be generated from the phenotypic analysis of the genetically engineered mice that are already available or will be available in the near future. Along these lines, our studies on the *Aox4*knockout mouse have already provided evidence that the corresponding protein is involved in the control of skin homeostasis and in the postnatal development of the Harderian gland. Whether the two phenomena are linked to a decrease in the local metabolism of retinaldehyde to retinoic acid is still a matter of speculation. Further knowledge is likely to be gained soon by phenotypic analysis of the newly generated *Aox3l1*knockout animal (M. Terao, unpublished results). Nevertheless, the data already gathered strongly suggest that the various aldehyde oxidases are unlikely to play a vital function in the homeostasis of the mouse, as both types of knockout animal develop normally and are fertile.

Three final considerations are worth making. The first two concern, again, the basic problem of the physiological significance of aldehyde oxidases. In this regard, a key point relates to the reason(s) why the evolution of vertebrate organisms is associated with a first wave of multiplication and a subsequent phase of deletion/suppression of the aldehyde oxidase genes. These phenomena are likely to be related to the necessity for developing specific and possibly tissue-related functions in certain animal species, which must have become dispensable in humans and primates. The idea is readily acceptable for an enzyme like AOX4, which is highly enriched in the Harderian gland, as the structure is absent in humans and primates. It may be also viable in the case of AOX3l1, if the protein serves a function in the recognition of odorants. Indeed, it is well known that olfaction is much more developed and sophisticated in rodents than in humans. The presence of an extra enzyme (AOX3) in the liver of the mouse, relative to the human, is more complicated to explain. Nevertheless, in generating hypotheses as to the real function of the various aldehyde oxidases, an open mind should be always kept, since the function of these proteins may not necessarily be related to their enzymatic activity \[[@B60],[@B61]\]. The third consideration is of a more practical nature and is relevant for the role exerted by aldehyde oxidases in drug metabolism. With respect to this, it is clear from what has been reported here that caution should be exercised in using rodents, dogs and possibly Rhesus monkeys as good proxies for the human situation.
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